The interaction between human serum albumin (HSA) and a series of Zr(IV)-substituted polyoxometalates (POMs) (Lindqvist type POM (( 
Introduction
Amino acids, the individual building blocks of proteins, are linked via peptide bonds, which have an extremely high stability towards hydrolysis. Under physiological reaction conditions, the half-life for the uncatalyzed hydrolysis of the peptide bond is estimated to be between 350 and 600 years [1] . Nevertheless, the selective hydrolysis of proteins into smaller, workable fragments is necessary in many biochemical and biomedical procedures [2] . For instance, protein hydrolysis is of prime importance for a broad range of proteomics techniques ranging from protein sequencing to protein identification [3] [4] [5] . Moreover, efficient and selective protein hydrolysis is also highly used in the food industry [6] , leather processing [7] , the cleaning industry [8] and medicine [9] . These applications demand the use of reagents that are on the one hand capable of hydrolyzing the extremely inert peptide bond, and achieving this reactivity in a highly selective manner on the other hand. Because most of the organic molecules are not sufficiently strong nucleophiles at physiological pH, the hydrolytic activity of several metal salts and their corresponding complexes has been extensively investigated [2] . Although the improvements in this domain are considerable, most reported complexes need multistep reactions to be tethered to the protein, or can only be used in an extreme pH range, limiting their practical use as peptidases. Consequently, there is a need for new efficient peptidases.
Polyoxometalates (POMs) are a versatile and tunable class of negatively charged early transition metal-oxygen clusters [10] [11] [12] . These molecules are an assemblage of oxo-bridged early transition metals (mostly Mo, W, and V) in their highest oxidation state [13, 14] . Their chemical and physical properties can be tuned, giving rise to a large number of possible applications in the fields of catalysis [15] [16] [17] , material science [18] [19] [20] and medicine [21] [22] [23] [24] . Moreover, the removal of one or more of the addenda atoms from the POM framework results in the formation of a lacunary species, which can coordinate different metal ions, resulting in the formation of metal-substituted POMs [11, 25] . Metal-substituted POMs have been used as catalysts in several catalytic reactions, ranging from the epoxidation of olefins and alkanes to the splitting of water [26] [27] [28] [29] . Additionally, POMs exhibit biological activity, which includes in vitro and in vivo anticancer, antiviral, antibiotic, antiprotozoal and antidiabetic activity [23, 24, 30] . Furthermore, inhibition of enzymes can be achieved as a result of the interaction of POMs with proteins [24, 31] , making POMs potential drugs for Alzheimer's disease [31] . Nonetheless, the exact molecular mechanism responsible for the medicinal activity of POMs has not yet been elucidated. Key components that influence the interaction between POMs and proteins include the size, shape and charge of the POM as well as the kind of incorporated metal ion [30, [32] [33] [34] [35] [36] [37] [38] [39] .
It was previously reported by our research group that isopolyoxomolybdates [40] [41] [42] [43] , isopolyoxovandates [44, 45] and metal-substituted POMs [46] are able to efficiently hydrolyze the phopho(di)ester bonds in DNA and RNA model compounds. Moreover, hydrolysis of the highly inert peptide bond in dipeptides [46] [47] [48] [49] [50] , oligopeptides [51] , and several model proteins [34, 52, 53] , was the first reported example of protein hydrolysis promoted by a POM [34] . This study has shown that the negatively charged POM specifically interacts with positively charged patches on the protein surface, while at the same time it acts as a stabilizing ligand for the active metal ion, leading to regioselective hydrolysis. Interestingly, in preceding studies, it was found that the binding is not only directed by an electrostatic interaction between the negatively charged POM structure and positive patches on the surface of HEWL, but also by the coordination of the Ce(IV) ion to the carboxylate side chain of Glu or Asp amino acids [34] .
Later we demonstrated that due to the high Lewis acidity of the zirconium(IV) ion, the Zr(IV)-substituted polytungstates were efficient catalysts for the hydrolysis of the peptide bond [49] [50] [51] 54] . The hydrolytic activity of a series of Zr(IV)-substituted POMs toward human serum albumin (HSA) has been investigated in detail recently [52] . In this study, it was found that HSA was selectively hydrolyzed by Zr(IV)-substituted Lindqvist (( [33, [36] [37] [38] [39] 55] . HSA contains one tryptophan residue which is located at position 214, and the use of fluorescence quenching studies are an excellent tool to quantify the strength of the interaction and the number of binding sites for molecules that interact with HSA [56] . A detailed understanding of the parameters responsible for the interaction on a molecular level is necessary to tune the selectivity and rationally design metal-substituted POMs with explicit interaction properties. In addition, the establishment of the correlation between the rate of protein hydrolysis by metal-substituted POMs and the strength of their interaction that precedes the hydrolysis will result in a faster achievement of the application of metal-substituted POMs as artificial peptidases.
In this study, a series of Zr(IV)-substituted POMs, which were previously proven to be hydrolytically active towards HSA, were investigated with tryptophan (Trp) fluorescence spectroscopy in order to gain insight into the interaction between the POMs and HSA, which precedes the actual protein hydrolysis. The quenching of Trp214 fluorescence by Zr1-K2, Zr2-K2, Zr2-L2, Zr1-WD2, and Zr4-WD2 was investigated at physiological pH (pH 7.4) and room temperature to quantify the strength of the binding and identify the stoichiometry of this interaction.
Results and Discussion

Tryptophan Fluorescence Spectroscopy
Fluorescence quenching was used to study the interaction of a set of Zr(IV)-substituted POMs with HSA. The Figure 1 . HSA is a 66.5 kDa protein and consists of 585 amino acid residues including 1 tryptophan (Trp) residue, 19 tyrosine (Tyr) residues and 17 disulfide bonds. Emission of HSA is dominated by the Trp residue, which absorbs at the longest wavelength and displays the largest extinction co-efficient. Moreover, energy absorbed by phenylalanine (Phe) and Tyr residues is often efficiently transferred to the Trp residues in the same protein [57] . In these steady state fluorescence experiments, the concentration of HSA was kept constant at 10 μM, while the concentration of the respective POMs was increased stepwise from 0 to 10 μM with increments of 1 μM. The quenching of the Trp fluorescence by Zr2-L2 is shown in Figure 2 , and similar behavior was observed for the other POMs ( Figures S1-S4 ). The Tachiya model, presented in Equation (1), was used for analysis of the strength and stoichiometry of the binding [56] :
where F0 is the unquenched fluorescence intensity, F the fluorescence in the presence of the quencher, [Q] the concentration of the quencher, [M] the concentration of protein and m the number of binding sites. This model is used since a stoichiometry higher than 1 is expected [52] . The key advantage of using this equation is that it offers the option to extract the quenching constant or association constant (Ka) as well as the number of bound molecules (m) directly. The plots of the equations for the different POM:HSA complexes can be seen in the insets of the respective figures. The calculated values of the quenching constants, their corresponding number of bound molecules, the HSA hydrolysis rate (%) [52] , and the net charge of the POMs are given in Table 1 . From Table 1 , it can be seen that the number of bound Zr(IV)-substituted POM complexes per HSA molecule varies between 1.52 and 3. 44 . This indication for the simultaneous binding of multiple POM molecules to HSA is not surprising since we have previously shown that up to four cleavage positions were observed for all five POM complexes [52] . Since HSA is a large protein, it is reasonable to assume that it can interact with more than one POM at the same time. In addition, the two largest POMs (Zr4-WD2 and Zr1-WD2) show the lowest value for the number of molecules bound to HSA, while a higher stoichiometry is obtained for the smaller POMs. This is reflected in the change of a 2:1 POM:HSA complex observed for (Zr4-WD2 and Zr1-WD2) to a 3:1 (for Zr2-L2) and nearly a 4:1 POM:HSA complex for Zr1-K2. 
As is also shown in ) [39] type POMs. In part, this might be a result of the larger POM net charge of the Zr(IV)-substituted POMs as compared to the Eu(III) analogues. Furthermore, the Zr(IV)-substituted POMs are larger than their Eu(III) counterparts, resulting in a larger negatively charged surface that is able to interact stronger with the positive patches on the HSA surface. For instance, the larger charge of the Zr(IV)-substituted Keggin type POMs evolves from the slight difference in structure; they all have two POM ligands, while the Eu(III) analogue only has one. The larger negative charge results in a stronger interaction and hence, a larger value for the quenching constant, since the POM:protein interactions are mainly electrostatic in nature [39] .
A final important observation which is made from the data in Table 1 is that the reactivity of the studied POMs is correlated to the strength of their interaction with the HSA protein. Zr1-WD2 not only possesses the largest value of Ka, but also displayed the fastest rate of HSA hydrolysis (~75% after 48 h incubation) in our previous reaction study. The second strongest binding POM, Zr4-WD2, exhibited the second fastest hydrolysis of HSA (~50% after 48 h incubation). Conclusions for the other three POMs cannot be made, since it was not possible to distinguish between them in the hydrolysis experiments. However, the relationship between the reactivity and interaction strength can be expected to be valid for the other Zr(IV)-substituted POMs as well. In addition, it can be deduced that small changes in the interaction strength induce large changes in the hydrolysis reactivity toward the stable peptide bonds in HSA.
Although the net charge of the POM clearly plays an important role, it is not the only factor influencing the interaction with HSA. This can for example be seen for the value of the quenching constant for the Zr1-K2:HSA complex; this complex has a very similar value of Ka as compared to Zr2-L2, while the net charges of the POMs are −10 and −4, respectively. Consequently, it is proposed that the size and shape of the POM considerably affect the interaction as well. Moreover, different cations can cause changes in the protein aggregation and alter interaction processes. In addition, the substituted metal ion or the amount of substituted metal ions can play an important role in the interaction behavior. This is a result of the hydrolysis pattern of the Zr(IV)-substituted POMs. One cleavage site (Arg114-Leu115) is located in the central cleft of HSA. This cleft has a positive inner surface [59] . The three other cleavage sites (Ala257-Asp258, Lys313-Asp314, and Cys392-Glu393) are located near a positive surface patch with a negatively charged amino acid in the upstream position (Asp or Glu) [52] , suggesting that the positively charged Zr(IV) ion is involved in the electronic interaction process as well.
To further investigate the electrostatic nature of the interactions between POMs and proteins, the Trp fluorescence quenching of HSA by Zr1-WD2 was studied at different ionic strength conditions. Since electrostatic interactions are known to diminish when the ionic strength (I) is increased, the effect of NaClO4 addition on the interaction parameters was studied. The ionic strength can be calculated using Equation (2):
where Ci is the molar concentration of the ion in M and Zi is the charge of that ion. The ionic strength was varied in the range of 0.0004 M to 0.5004 M. The Trp fluorescence quenching of HSA was performed for five ionic strength values in this range and in the presence of the Zr1-WD2 POM, as this POM displayed the strongest interaction in the previous experiments. The analysis of the data was done using the Tachiya model [56] and the resulting parameters are shown in Table 2 . From Table 2 , it can be concluded that the quenching constant decreases upon increasing the ionic strength of the solution. This observation can be explained by the thermodynamic parameters of the electrostatic interaction. The entropy becomes more unfavorable when the ionic strength increases [60] , resulting in a weaker interaction. This is the result of the shielding of the high negative charge (−16) of Zr1-WD2 by the salt ions. Moreover, this lower quenching constant indicates that each binding is weaker because of the simultaneous disruption of the interaction with the positively charged residues of HSA. Although the interaction strength reduces with a factor larger than three, it remains in the same order of magnitude (10 5 M −1 ) regardless of the change in ionic strength. The effect of the ionic strength is not as pronounced as it was the case for a Keggin shaped POM ([H2W12O40] 6− ) where a decrease in binding constant was observed of more than two orders of magnitude [61] . Therefore, it can be concluded that the interaction between Zr1-WD2 and HSA persists even in solutions with high ionic strengths.
A final important observation which is made from the data in Table 2 is that the number of bound molecules increases upon increasing the ionic strength. This result can be understood by considering the electrostatic nature of the POM:protein interaction. While the high negative charge of Zr1-WD2 results in the strongest interaction with HSA, it also leads to a lower number of possible binding positions as compared to the other POMs. This presumably is the result of repulsive forces with negatively charged residues on the HSA surface in close proximity to the positively charged regions to which the POMs tend to bind. When NaClO4 is added, the high negative charge of Zr1-WD2 will partly be shielded, resulting in more possible binding positions. In previous studies performed in our research group, by using isothermal titration calorimetry, it was found that four Zr1-WD2 POMs were able to bind to HSA [53] . Therefore, it is expected that the number of bound molecules will plateau upon further increasing the ionic strength. As for the other Zr(IV)-substituted POMs, it is reasonable to assume the POMs will display similar behavior upon increasing the ionic strength; the strength of the binding will decrease as a result of the shielding of the charges by NaClO4, while the number of bound molecules will increase for the same reason. The smaller Keggin and Lindqvist type POMs will probably be able to bind more POM molecules per HSA, as was seen in the fluorescence quenching experiments without added salt. The value of bound molecules could go up as high as eleven, as was reported for a Keggin shaped POM ([H2W12O40] 6− ) [61] .
Polyoxometalate Stability in the Presence of HSA
31 P NMR spectra of the Zr1-K2, Zr2-K2, Zr1-WD2 and Zr4-WD2 POMs in phosphate buffer (10 mM, pD 7.4, 10% D2O) were measured in the absence and presence of 0.1 equivalents of HSA. The Zr2-L2 POM could not be investigated in these experiments since this POM does not contain any phosphorus atoms. The Keggin structures are composed of one or two Zr(IV) metal ions, respectively, surrounded by two lacunary Keggin units with a PO4 tetrahedron at the centre (Figure 1) . The environment of the phosphorus atoms is symmetrical resulting in a single resonance for the phosphorus atoms. However, due to the formation of two isomers of the Zr1-K2 compound, two adjacent resonances were reported to characterize this POM [62] . The Wells-Dawson compounds contain a second PO4 tetrahedron near the POM unit centre (Figure 1 ), they also are symmetrical and are characterized by two 31 P NMR signals. The resonance for the phosphorus atom close to the Zr(IV) metal falls within the ppm range where the characteristic peaks for metal-substituted Keggins are found due to the similar electrostatic environment. The second resonance for the phosphorus atom further away from the incorporated metal ion(s) is shifted downfield. As shown in Figure 3 , there is no shift in the peak positions of the characteristic Zr1-WD2 resonances (at −9.33 and −13.94 ppm) in the presence of HSA, indicating the stability of the POM upon interaction with the protein. It should not be surprising that these polyoxotungstates are stable as this was already previously demonstrated by various techniques [63] [64] [65] . In addition, the slight decrease in the intensity of the POM peaks can be correlated with the formation of a large molecular complex with HSA which has a longer correlation time and thus a faster relaxation. The shifting of 31 Previous experiments in our research group on the mechanism of the hydrolysis of the peptide bond in di-and oligopeptides have demonstrated the need for the accessibility of the hydrolytically active metal ion. It was shown that the coordination of the peptide to Zr(IV) results in the polarization of the peptide carbonyl group, which speeds up the hydrolysis [49] [50] [51] 54] . As a result of the saturated coordination sphere of Zr(IV) in the 1:2 POM structures, it is expected that these POMs display the slowest hydrolysis rate. However, equilibrium exists between the monomeric and dimeric species of Zr1-WD2, Zr1-K2, Zr2-K2 and Zr2-L2, depending on the pH and concentration of the solution where lower concentrations favored the formation of the monomeric species [49] [50] [51] 67, 68] . Moreover, the addition of protein can also shift the equilibrium towards the monomeric species [51] . These species have four free coordination sites around Zr(IV), resulting in faster hydrolysis as was demonstrated for Zr1-WD2 [52] . For this reason, the hydrolysis of the peptide bond in HSA is by a similar mechanism as for short peptides [51] , although the interaction pattern was demonstrated to be very different. In HSA, it was shown that the POM structures are able to interact with positive surface patches with a supplementary interaction of Zr(IV) with an upstream negatively charged amino acid (Asp or Glu) and thereby influencing the selectivity [52] . 
Experimental Section
Materials
Human serum albumin (HSA) was purchased from Sigma-Aldrich (Schnelldorf, Germany) in the highest available purity and was used without further purification. (Et2NH2) [71] were prepared by the published procedures.
Fluorescence Spectroscopy Studies
Steady state fluorescence experiments were recorded on a Photon Technology Quanta Master (North Edison, NJ, USA) QM-6/2005 spectrofluorimeter. Quartz cuvettes with 10.0 mm optical path length were used. Spectra were recorded in a buffered 10 µM protein concentration solution (phosphate buffer, pH = 7.4) at room temperature monitoring the emission from 305 nm to 420 nm, with a maximum at approximately 340 nm. Although several organic cations are used as counter ions for the polyoxoanions, no precipitation is observed as a result of the used phosphate buffer. To examine the influence of the ionic strength, NaClO4 was added with concentrations in the range of 0.001 to 0.5 M. Excitation of the samples took place at 295 nm to avoid excitation of tyrosine residues. The emission and excitation slit widths were opened at 0.37 mm (resolution of 1.0 nm). The POM concentration was increased stepwise from 0 to 10 µM with increments of 1.0 µM. The fluorescence data of the POMs were analyzed using the Tachiya model, Equation (1) [56].
31 P NMR Spectroscopy
Solutions (0.5 mL) containing 0.1 or 0.2 mM of HSA and 1.0 or 2.0 mM of POM were prepared in phosphate buffer (10.0 mM-pH 7.4-10% D2O). 31 P NMR spectra were recorded directly after mixing on a Bruker (Karlsruhe, Germany) Avance 400 (161.98 MHz) spectrometer. As an external standard, 25% H3PO4 in D2O in a sealed capillary was used.
Conclusions
The knowledge of the interaction between hydrolytically active POMs and proteins on a molecular level is necessary to further optimize the hydrolytic selectivity of metal-substituted POMs as artificial proteases. In this study, a direct correlation between the rate of protein hydrolysis by metal-substituted POMs and the strength of their interaction, preceding this reaction, was established for the first time.
Fluorescence spectroscopy was used to study the interaction between a series of Zr(IV)-substituted POMs and HSA. Analysis of the fluorescence quenching of HSA in the presence of these POMs has resulted in a binding stoichiometry ranging from 2:1 POM:HSA for the larger POMs up to 3:1 and even 4:1 for the smaller POMs and binding constants in the order of 10 5 M −1 . It was shown that the Wells-Dawson POM, Zr1-WD2, displays the strongest interaction with HSA, which correlates to its high hydrolysis reactivity, as was previously reported. This correlation between the hydrolysis reactivity and interaction strength was not established before and seems to be valid for the other Zr(IV)-substituted POMs as well. The influence of the ionic strength was studied for the Zr1-WD2:HSA complex by adding NaClO4. It was found that the value of the quenching constants decreases upon increasing the ionic strength of the solution from 0.0004 M to 0.5004 M. Nevertheless, it was found that the number of bound molecules increased from 0.95 to 4.81 . While the increased number of bound molecules is the result of the shielding of the high negative charge of Zr1-WD2, resulting in more possible binding positions, the lower quenching constant indicates that each binding is weaker due to the simultaneous disruption of the interactions with positively charged residues. 31 P NMR spectroscopy was used to investigate the stability of all phosphorus containing POMs upon interaction with HSA. The lack of new peaks in the 31 P NMR spectra of all investigated POMs provides evidence for the stability during their interaction with HSA.
The presented interaction study complements the ongoing research in our group which mainly focuses on the hydrolysis of proteins by POMs, and greatly contributes to the establishment of a structure-activity relationship of metal-substituted polyoxotungstates as a new class of metalloproteases. 
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